ABSTRACT Most existing deadlock prevention studies on flexible manufacturing systems (FMSs) resort to Petri nets (PNs) by designing controllers for them. PNs are an effective tool for analyzing and modeling the dynamic behavior of FMSs. As an important subclass of PNs, the system of simple sequential processes with resources (S 3 PR) can be used to model many FMSs. This paper proposes a novel resource configuration method based on structural analysis to ensure the liveness of an S 3 PR. The restrictive relation between the initial marking of the process idle places and a special PN structure called strongly connected characteristic resource sunnets (SCCRSs) is first explored by employing the corresponding relation between SCCRSs and their related strict minimal siphons. With the structural properties of SCCRSs, functions invoked to compute the configuration marking for the resource places in an SCCRS are established. Then, an algorithm for computing a configuration marking in an S 3 PR is developed, and a resource configuration tree is correspondingly generated according to the execution of the developed algorithm. Thus, the liveness of the configured system is ensured, while the siphon enumerations are avoided. It is shown that the computational complexity of the developed algorithm is polynomial, which is more efficient than other existing ones. Examples are finally provided to illustrate the mentioned results.
I. INTRODUCTION
Manufacturing has been a pillar industry in developed countries and an important ladder for human society civilization and progress [55] , [56] . Automated flexible manufacturing systems (FMSs), a typical discrete event system (DES) whose states change with the abrupt occurrence of discrete events, is essentially a man-made system adopted for yielding products to satisfy consumption demands. Nowadays, the distribution of resources in an FMS may change frequently due to the fluctuant customers' requirements. Such changes create a new situation where different production behaviors incurred by the providers exist, which leads to a new challenging problem, i.e., how to analyze and control such systems. From a conceptual viewpoint, an FMS is a kind of resource allocation systems (RAS) [12] , [21] , [36] , [38] , which usually consists of a series of asynchronous, concurrent, and ordered processes. Multiple different execution stages of such processes request the use of some shared resources. Once the product specifications change in an FMS, the resources in it should be dynamically configured as well. Due to the competition for limited shared resources, deadlocks often arise in an FMS and lead to a series of catastrophic results [1] , [5] , [14] , [27] , [28] .
Petri nets (PNs) [35] are a graph-based mathematical tool and widely adopted for modeling, analysis, supervisory control [41] , [53] , [54] , scheduling [2] , [15] - [17] , [46] - [51] , [59] , [60] , and performance evaluation of FMSs [18] as well as other concurrent systems [32] . A PN model synthesis method for FMSs is developed in [61] as an influential work. The places in a PN for modeling an FMS are first classified to A-, B-, and C-places. Then, on the basis of place classification, Zhou and DiCesare [61] discover the relation between the markings of B-and C-places, at which the PN is live. Consequently, motivated by the work in [61] , many studies have been conducted by Jeng and DiCesare [20] , and Jeng [22] . However, in many cases, the approaches in these studies restrict the behavior of the controlled systems.
As a well known structural object of PNs, siphons are closely related to deadlocks in an FMS [19] , [23] , [26] , [44] , [45] . Motivated by the fact that siphons are usually involved in deadlock control, many researchers investigate the deadlock control approaches by designing monitors for siphons in a PN. In [13] , Ezpeleta et al. conduct a seminal work by defining a class of PNs called S 3 PR and develop a siphon-based approach to prevent deadlocks. Liveness of an S 3 PR is ensured by designing controllers for strict minimal siphons (SMSs) such that they never be emptied in the controlled system. The approach in [13] is usually known as a classical contribution that realizes the deadlock prevention from a structural analysis standpoint of a PN. However, the method presented in [13] requires too many control places and arcs, and thus leads to a complex controlled system. In order to overcome such defects, Li and Zhou propose a deadlock prevention method by presenting the concept of elementary siphons [23] . With this method, to control all the SMSs, one needs to control elementary SMSs only, resulting in simple monitors and hence a simple controlled system. Consequently, on the basis of elementary siphons, many further researches have been conducted by Li and Zhou [25] , [26] . Thereafter, an enormous amount of deadlock control approaches are developed by adding control places for siphons based on their controllability conditions, such as max-controllability [3] , [4] , max -controllability [6] , and max -controllability [30] . These methods need to solve a mixed integer programming (MIP) problem [11] . However, the computation for solving an MIP problem is exponential with the number of integer variables and is inefficient. Moreover, the obtained controller is restrictive since some legal states can be forbidden by the controller as well. Especially, the major weakness of the siphon-based approaches is that generally the control is not optimal in the sense of behavioral permissiveness.
A maximally permissive, i.e., an optimal, controller of PNs for FMSs can be obtained by employing the reachability graph analysis, which plays an important role in PN theory since it can be used to solve many other problems such as deadlock control [7] , [8] , [10] , controllability analysis [33] , [34] , and opacity analysis [57] , [58] . Recently, Uzam et al. [39] propose an approach to synthesize a live controlled PN system by dividing a PN into small connected subnets and analyzing the reachability graph of each subnet. The method provided in [39] can obtain an optimal or a near-optimal controlled system. However, it leads to some good states being lost in some cases. Further, Chen et al. [9] develop a method to design an optimal PN controller with a special PN structure called data inhibitor arcs to prevent a PN from reaching any illegal markings. The results can lead to a structurally minimal controller on the premise that such a controller exists. Nevertheless, the approaches in [9] are not applicable for large scale systems due to the computational complexity problem.
Traditional siphon-based deadlock control approaches are a typical application of utilizing structural analysis methods, which ensure the liveness of a controlled system by designing controllers for siphons in a PN. However, as known and mentioned previously, the complexity of computing siphons grows exponentially with the net size [23] , [40] . By fully utilizing the structural information of a PN, Li and Zhou [24] proposed a method to compute a set of elementary siphons in an S 3 PR based on resource circuits, which avoids a complete SMS enumeration, and hence improves the computational efficiency. In [52] , Xing et al. propose a graphbased technique to find all elementary resource transition circuits. Then, an iterative method is developed to recursively construct all maximal perfect resource transition circuits from the elementary ones. Recently, an effective SMS computation approach is proposed by Wang et al. [42] by using the concept of loop resource subnets. However, the method in [42] needs to generate all the loop resource subnets and decide their strong connectivity, which is a tedious process. Further, in our previous work [31] , by analyzing the structural properties of the critical resource places and their related loop resource subsets, sufficient conditions for loop resource subsets to generate SMSs are established. The method in [31] can help one decide directly whether a loop resource subset can derive an SMS or not and then compute all SMSs in an S 3 PR net, which further motivates us to conduct this study for resource configuration to ensure the liveness of an S 3 PR.
By analyzing the restrictive relation between the initial marking of the process idle places and the structural properties of SCCRSs, this work develops a resource configuration algorithm for an S 3 PR from a structural analysis standpoint. The contributions made in this paper are stated as follows.
1) Functions to delete -transitions and to configure the resource places in an SCCRS are established by utilizing the corresponding relation between SCCRSs and their related SMSs in an S 3 PR; 2) Based on the established functions, a novel algorithm to compute a configuration marking for an S 3 PR is developed, at which the net is live. It is proved that the developed algorithm is of polynomial complexity. 3) By executing the developed algorithm, a resource configuration tree (RCT) composed of SCCRSs in an S 3 PR can be generated, which provides an intuitive and graphical method for showing the resource configuration procedures. The remainder of this paper is organized in seven sections. Section II briefly reviews the basic notations of PNs. The restrictive relation between the SCCRSs and the initial marking of the process idle places is analyzed by exploring VOLUME 5, 2017 an example in Section III. Section IV presents the developed algorithm to compute a configuration marking for an S 3 PR. The computational complexity of the developed algorithm is discussed in Section V. Experimental examples are given in Section VI. Finally, Section VII concludes this study.
II. PRELIMINARY A. BASICS OF PNs
An ordinary PN [35] is a three-tuple N = (P, T , F) where P and T are finite, nonempty, and disjoint sets of places and transitions, respectively. The set F ⊆ (P × T ) ∪ (T × P) is said to be a flow relation of N . Given a net N = (P, T , F) and a node x ∈ P ∪ T , x • = {y ∈ P ∪ T |(x, y) ∈ F} and • x = {y ∈ P ∪ T |(y, x) ∈ F} are called the postset and preset of x, respectively. The incidence matrix of N is denoted by
A marking or a state M of a PN N is a mapping from P to N = {0, 1, 2, . . .}. The multi-set p∈P M (p)p is often used to denote M , where M (p) denotes the number of tokens in p at
A subset P X ⊆ P is said to be marked at M if at least one place in P X is marked at M . M (P X ) indicates the sum of tokens of all places in P X , i.e., M (P X ) = p∈P X M (p). A PN N with an initial marking M 0 is called a marked net or net system for short, denoted as (N , M 0 ).
A nonempty set S ⊆ P is a siphon if
A siphon (trap) is said to be marked if at least one place in it has token(s). A siphon is minimal if there is no siphon contained in it as a proper subset. A minimal siphon is said to be strict if it contains no marked trap, i.e., strict minimal siphon (SMS).
A transition t ∈ T is said to be enabled at M if ∀p ∈ • t, M (p) ≥ 0. This fact can be denoted as M [t . The firing of an enabled transition t results in a marking M , denoted by
. M is said to be reachable from M if there exists a sequence of transitions
denotes the set of all reachable markings of a PN N from M 0 .
B. S 3 PR AND STRONGLY CONNECTED CHARACTERISTIC RESOURCE SUBNET (SCCRS)
Definition 1 [13] : A System of Simple Sequential Processes with Resources ( 
is the resulting net after the places in P i R and their related arcs are removed from N i ; 7) Every circuit of N i contains place p i 0 ; 8) Any two N i 's are composable when they share a set of common resource places; 9) For r ∈ P R , H (r) = ( •• r) ∩ P A is the set of operation places that utilize resource r and are called the holders of r; In the following statement, let N = (P 0 ∪P A ∪P R , T , F) be an S 3 PR and t ∈ T be a transition. Then, we use A t (resp., t A ) to denote the set of t's input (resp., output) operation places, and use R t (resp., t R ) to denote the set of t's input (resp., output) resource places. Note that the notation can be extended to sets. For example, t 3 is a transition in Fig. 1(a) , and then we have A t 3 = {p 3 }, t A 3 = {p 4 }, R t 3 = {r 3 }, and t R 3 = {r 2 }. Definition 3 [31] : Given a resource subnet N X , a transi-
Consider a resource subnet N X shown in Fig. 1 (b) with P X = {r 1 , r 2 , r 3 }. According to Definition 3, we can find that t 3 is a -transition in N X since ∃t 4 
Definition 4 [31] :
Theorem 1 [31] : Let N X = (P X , T X , F X ) be a characteristic resource subnet in an S 3 PR.
is an SMS iff the characteristic resource subnet N X derived from P X is strongly connected, i.e., N X is a strongly connected characteristic resource subnet (SCCRS).
Given an SMS S X which is derived from its related SCCRS, it is clear that S X is made up of operation and resource places only. Therefore, S X can be denoted as S X = S XA ∪ S XR , where S XR = S X ∩ P R and S XA = S X \S XR , i.e., S XA = S X ∩ P A . Let N = (P, T , F) be an S 3 PR net with P X ⊆ P R and
\S X is said to be the complementary set of S X , which denotes a set of operation places that utilize the resources in S X , i.e., the places in [S X ] compete for resources with those in S XA . When all the resources in S X are occupied by the place in [
holds, S X can never be emptied.
III. MOTIVATION FROM THE STRUCTURAL ANALYSIS FOR SCCRSs
Based on a structural analysis of the relation between the SCCRSs and their corresponding SMSs, as illustrated by an example in this section, the motivation of the study on the resource configuration of an S 3 PR is then presented.
Property 1 [13] :
Based on this property, we can obtain the following result. Theorem 2: Given a resource subnet N X in an S 3 PR N , let S X = S XA ∪ S XR be an SMS generated from S XR ⊆ P X and r ∈ S XR . Let
Consider an S 3 PR N depicted in Fig. 1(a) with M 0 = 3p 1 + 3p 5 , where P A = {p 2 − p 4 , p 6 − p 8 }, T 1 = {t 1 − t 5 } and T 2 = {t 6 − t 9 }. Fig. 1(b) shows the resource subnet N X of N . Obviously, t 3 is a -transition in N X shown in Fig. 1(b) according to Definition 3. That is to say, the resource subnet N X depicted in Fig. 1(b) is not an SCCRS. By deleting t 3 in Fig. 1(b) , a new resource subnet N X 1 that is strongly connected can be obtained, as shown in Fig. 1(c) . Obviously, there is no -transition in N X 1 , i.e., the resource subnet N X 1 shown in Fig. 1(c) is an SCCRS, which can derive a corresponding SMS by Theorem 1. We choose r 1 and configure it in Fig. 1(c 
Hence, we assign a configuration marking M 0 (p 1 ) + 1 to r 1 , i.e., M 0 (r 1 ) = 3 + 1 = 4. Obviously, the SMS derived by {r 1 , r 2 } in N X 1 cannot be emptied forever since the resources in r 1 cannot be completely occupied. After deleting r 1 , no any other resource subnet can be obtained. Then, we allocate one token to r 2 and r 3 , respectively. For the net depicted in Fig. 1(a) , one can compute a configuration marking M 0 = 3p 1 + 3p 5 + 4r 1 + r 2 + r 3 at which the net is live.
Based on the analysis of the above example, it makes sense to develop a method to compute a configuration marking for the resource places in an S 3 PR, at which no siphons in the net can be emptied such that the liveness of the net is ensured. Given an S 3 PR net with an initial marking of the process idle places, a configuration marking of all the resource places can be computed efficiently even if the initial marking of the process idle places changes. That is to say, the liveness of an S 3 PR net can be ensured by configuring its resource places without changing the structure of the original net model, and thus we avoid computing siphons and adding any external control actions in an S 3 PR. From a structural viewpoint, an SCCRS composed of resource places and their related transitions can describe much more precise information than a siphon to show the restrictive relation between SCCRSs and the initial marking of process idle places. Therefore, instead of siphons, the structural properties of SCCRSs are employed in this paper to propose a novel resource configuration algorithm, as reported in the next section.
IV. A RESOURCE CONFIGURATION METHOD BASED ON SCCRSs
In this section, we develop a novel resource configuration algorithm for an S 3 PR. We first compute SCCRSs by applying Tarjan's depth first search (DFS) approach [37] and then a configuration marking for an S 3 PR can be obtained by analyzing the structural properties of SCCRSs. The main steps of the proposed method are realized by exploring the following Functions.
A strongly connected resource subnet (SCRS) N S . Output: A characteristic resource subnet N C and η.
First, given a strongly connected resource subnst (SCRS), Function Delete-T s is applied to delete all -transitions in it. It is obvious that η = 0 implies that the resource subnet VOLUME 5, 2017 N C returned by Function DeleteT s is an SCCRS. If η = 1, i.e., T S = ∅, we need to delete T S in N S and a new resource subnet N C can be obtained. Next, the Tarjan's DFS approach [37] is applied to compute all the new maximal SCRSs for N C , which can be simply described as Function Tarjan's DFS. When a new SCRS is found, it is essential to determine if it is an SCCRS, which can be realized in the procedure of the next Function. if {η == 0} then 10)
Let N C be a son node of N X and add a directed arc from N X to N C ; 11)
Let r be a resource place in N C ; 12)
Compute the resource subnet N C formed from P C ; 18) := Tarjan 
By executing Function
ComputingMarkingsforSCCRSs for a resource subnet N X , a configuration marking for the resource places in N X can be obtained, which is denoted as M R C . First, given a resource subnet N X , a set of strongly connected resource subnets (SCRSs) denoted as can be computed by Tarjan's DFS, which is simply described as Function Tarjan's DFS. We then assign the set to the set and let be a global variable for the following executing steps. Second, for each SCRS, e.g., N S in , Function Delete T S is invoked to N S . Then, we delete N S in and a resource subnet N C is obtained by executing Function Tarjan's DFS. Now, there exist two cases to be considered, which are described as follows: i) If the returned variable η = 0, no -transitions need to be deleted in N C . We let N C be a son node of N X and add a directed arc from N X to N C . Obviously, N C is an SCCRS. Choose a resource place r in N C , By executing Algorithm 1 for an S 3 PR net N with M I 0 , the configuration marking of each resource place can be obtained, which is denoted as M C 0 . A detailed execution procedure of Algorithm 1 is stated as follows. First, a resource subnet N X can be derived from P X , where P X = P R . Let N X be a root node of an RCT. Second, we invoke Function ComputingMarkingsforSCCRSs for N X to compute the markings of the resource places for each SCCRS in N X . If = ∅, it implies that the marking of all the SCCRSs in N X are configured. We assign the configuration marking M R C to M C 0 . In these execution steps, there necessarily exists a part of resource places with M 0 (r) = 0, r ∈ P R . We hence assign marking M 0 (r) = 1 for each of them. It is obvious that, by executing Algorithm 1, an RCT can be obtained and the result M C 0 , i.e., the configuration marking of N at M 0 , can be ultimately found. all the nodes except the root node in the RCT are SCCRSs of N . Proof: It is obvious that all the nodes except the root node in the RCT are generated by invoking Function ComputingMarkingsforSCCRSs whose executing process is computing markings for all the SCCRSs. If a resource subnet is an SCCRS, a directed arc is added from its father node to it, that is to say, all the nodes except the root node in the RCT are SCCRSs. This fact also comes directly from the statement of Function ComputingMarkingsforSCCRSs. 
= ∅}, then S 1 generated by the corresponding SCCRS that contains the resource place r 1 cannot be emptied according to Theorem 2. Delete r 1 and a resource place r 2 can be analyzed.
, then we can ensure that the SMS S 2 generated by the SCCRS that contains r 2 cannot be emptied. Similarly, repeat the above procedures, the resource places in each SCCRS can be configured by Algorithm 1. Note that, after executing Algorithm 1, the places in each SCCRS of an S 3 PR are configured, i.e., each SCCRS's corresponding SMS cannot be emptied at the resource configuration marking since the configured resource places in their related SMSs cannot be completely occupied by the operation places in its complementary set. Therefore, we can claim that the net is live with M 0 = M I 0 + M C 0 . Actually, from the structural perspective of an S 3 PR, there exists an one-to-one corresponding relation between an SMS and an SCCRS. Consequently, in the previous analysis, we present the resource configuration approach by taking advantage of the relation between an SCCRS and its related SMS. Fig. 2(a) .
FIGURE 3. (a)-(c) Three SCRSs of the net in
Let us consider an S 3 PR N with M I 0 = 5p 1 + 5p 7 + 5p 10 depicted in Fig. 2(a) as an example to illustrate the execution procedure of Algorithm 1, where
, and p 3 0 = p 10 . Applying Algorithm 1 to the net depicted in Fig. 2(a) , the detailed steps are executed as follows: 1) A resource subnet N X of N can be generated by P R , as shown in Fig. 2(b) . Let N X be a root node of an RCT for N , as depicted in Fig. 2(c) .
SCRS N X 1 can be returned, as shown in Fig. 3(a) . b) Function Delete-T s is applied to N X 1 and then η = 1 is obtained since t 12 is a -transition in N X 1 according to Definition 3.
3) After deleting t 12 in N X 1 , we apply Function Tarjan's DFS to it. As a result, two new SCRSs N X 11 and N X 12 can be obtained shown in Figs. 3(b) and (c), respectively. a) For the SCCRS N X 11 , Function Delete-T s is applied to it, and then η = 1 is obtained since t 3 is a -transition in N X 11 according to Definition 3. After deleting t 3 , no any other new SCRS can be found by utilizing Function Tarjan's DFS. VOLUME 5, 2017 b) For the SCCRS N X 12 , Function Delete-T s is applied to it, and then η = 0 is obtained since no -transition is contained in N X 12 . That is to say, N X 12 is an SCCRS. Add an arc directed from N X to N X 12 in the RCT shown in Fig. 2(c) . Then, we compute a configuration marking M C 0 (r 3 ) = M 0 (p 1 ) + 1 = 6 for the resource place r 3 since 4 . By Algorithm 1, the configuration marking M C 0 of N depicted in Fig. 2(a) is returned. Then, according to Theorem 3, we can find that the net is live at M 0 = M I 0 + M C 0 = 5p 1 + 5p 7 + 5p 10 + r 1 + r 2 + 6r 3 + r 3 . By Lemma 1, the same conclusion can be reached since N X 12 is the only SCCRS in the RCT for the net depicted in Fig. 2(a) . After computing the marking for r 3 in N X 12 , its corresponding SMS cannot be emptied according to Theorem 2. Therefore, the net is live since no SMS in it can be emptied.
Given an S 3 PR N with an initial marking M I 0 , which implies that only the process idle places are initially marked, a configuration marking M C 0 of N can be obtained by Algorithm 1. Obviously, without changing the net structure of a given S 3 PR N , we can ensure the liveness of N at marking
Then, we can avoid the enumeration of siphons and implementation of external control actions to make the net live.
V. COMPUTATIONAL COMPLEXITY ANALYSIS AND COMPARISON DISCUSSION
Before analyzing the computational complexity of the developed algorithm, let n = |P| + |T | denote the size of an S 3 PR N , where P is the set of places and T = • P ∩ P • in N . It is clear that the main computation cost of Algorithm 1 depends on invoking Function ComputingMarkingsforSCCRSs. In the execution process of Function ComputingMarkingsforSCCRSs, there are two basic operations to be performed: i) Delete -transitions for each SCRS by Function Delete-T S whose execution times is less than |T | < n. ii) Find new SCCRSs by Function Tarjan' DFS after deleting -transitions in each SCRS. The complexity of Function Tarjan' DFS is linear with respect to the net size [37] . That is to say, the complexity of Function Tarjan' DFS is O(n) at most. Obviously, Function Tarjan' DFS is invoked no more than n times in the worst case. Based on the above analysis, the computational complexity of Function ComputingMarkingsforSCCRSs is O(n 2 ) at most. Note that the complexity of Algorithm 1 mainly depends on that of Function ComputingMarkingsforSCCRSs. Therefore, we can claim that the overall computational complexity of the developed Algorithm 1 is O(n 2 ). As a result, we draw the conclusion that the developed resource configuration approach in this paper is of polynomial complexity. To our knowledge, different from the existing siphon-based liveness enforment methods, Liu et al. [29] develop policies for resource allocation for a class of extended S 3 PR named WS 3 PR from a structural standpoint. The resource allocation method in [29] needs to find out all the weighted simple directed circuits whose quantity is 2 m − m − 1 in the worst case, with m being the number of resource places in a net. Obviously, the number of weighted simple directed circuits is exponential with the net size in the worst case. Thus, the resource configuration method presented in this work is much more efficient than the method in [29] in terms of computational complexity.
VI. ILLUSTRATIVE EXAMPLES
In this section, two examples are adopted to illustrate the application of the developed method. In order to save space, the detailed execution steps are not listed. Consider an S 3 PR N with M I 0 = 5p 1 + 7p 5 + 7p 12 as the first example depicted in Fig. 4(a) , where
, and p 3 0 = p 12 . According to Definition 2, the resource subnet N X of N can be obtained, as shown in Fig. 5(a) . Let N X be a root node of the RCT depicted in Fig. 4(b) . Function Delete-T s is applied to N X since t 4 is a -transition in N X according to Definition 3. We delete t 4 in N X and apply Function Tarjan's DFS to N X . Then, a new SCRS N X 1 is obtained, as shown in Fig. 5(b) . There is no -transition contained in N X 1 , i.e., N X 1 is an SCCRS. Add an arc directed from N X to N X 1 in the RCT depicted in Fig. 4(b) . Then, we choose the resource place p 21 Fig. 5(c) . There is no -transition contained in N X 11 , i.e., N X 11 is an SCCRS. Add an arc directed from N X 1 to N X 11 in the RCT depicted in Fig. 4(b) . Then, we choose p 22 for it since • p 22 ∩ T 1 = {t 6 } = ∅ and • p 22 ∩ T 2 = {t 10 } = ∅. We apply Function Tarjan's DFS to N X 11 after deleting p 22 in it and then a new SCRS N X 111 is obtained, as depicted in Fig. 5(d) . Obviously, N X 111 is an SCCRS since no -transition is contained in it. Add an arc directed from N X 11 to N X 111 in the RCT, as depicted in Fig. 4(b) . Then, we choose p 24 Fig. 6(a) as the second example, where
= {t 9 − t 14 }, p 1 0 = p 1 , and p 2 0 = p 8 . The resource subnet N X of N is depicted in Fig. 6(b) . Obviously, after executing Function ComputingMarkingsforSCCRSs to N X , we find that VOLUME 5, 2017 N X is an SCCRS since no -transition is contained in it. Since there is only one node N X in the RCT of N , we do not list it further. Then, we choose the resource place p 18 
VII. CONCLUSION
A method based on the analysis of the restrictive relation between the initial marking of process idle places and the structural properties of SCCRSs is provided for computing a configuration marking for all the resource places in an S 3 PR, which ensures the liveness of the net and avoids adding any external control actions. A polynomial algorithm is developed to implement this method by adopting Tarjan's DFS to find SCRSs, and thus is much more efficient than other existing resource allocation and siphon-based liveness enforcement methods. Without changing the net structure of an S 3 PR with an initial marking of the process idle places M I 0 , a configuration marking of all the resource places can be returned efficiently by Algorithm 1 in response to the changes of M I 0 . However, the proposed resource configuration approach is not optimal and not considering the resource configuration priority. For example, there are two different resource configuration solutions for an S 3 PR depicted in Fig. 1(a) , which depend on the priority of the resource places. Deciding how to minimize the resource configuration markings and consider the configuration priority will be studied in our future work. 
